UTCCP-P-31, UTHEP-374 
November 1997 



1 



Light Hadron Spectroscopy* 
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Recent developments in calculations of the light hadron spectrum are reviewed. Particular emphasis is placed on 
discussion of to what extent the quenched spectrum agrees with experiment. Recent progress, both for quenched 
and full QCD, in reducing scaling violation with the use of improved actions is presented. 
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1. Introduction 

Deriving the light hadron spectrum from the 
first principles of QCD has been a major subject 
of lattice QCD simulations 0. A precise deter- 
mination of the known hadron spectrum would 
lead us to a fundamental verification of QCD. We 
should also clarify the nature of observed hadrons, 
provide predictions for hadrons not in the quark 
model, and give informations for quantities of 
phenomenological importance. 

In order to achieve these goals, understanding 
and control of various systematic errors are re- 
quired. One of major sources of systematic errors 
is that of a finite lattice spacing. Recent progress 
in reducing this systematic error has been made 
in two ways. For the quenched QCD spectrum, 
development of computer power has enabled to 
push simulations toward smaller lattice spacings 
on physically larger lattices with higher statistics 
than the previous attempts. As a result we are 
now in a status to discuss the problem of how well 
quenched QCD describes the experimental spec- 
trum. Another progress in reducing scaling vio- 
lation is brought with the use of improved quark 
actions. Tests of improvement, previously made 
mainly in quenched QCD, have been extended 
this year to full QCD. 

Finite size effects and chiral extrapolations 
have been studied extensively in the past. Sev- 
eral studies to investigate these systematic errors 
were also reported at the Symposium. 

In this review we attempt to describe the 
present status of spectroscopic studies. Progress 
in quenched QCD spectrum is summarized in 
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sec. ^ emphasizing results in the continuum 
limit. Discussions on several issues in spectro- 
scopic studies follow in sec. |[ which include study 
of finite size effects, chiral extrapolations, and 
quenching error in meson decay constants. After 
discussions on improvement of quark actions in 
sec. ^, attempts toward a realistic calculatioir in 
full QCD are presented in sec. |. Sec. I is devoted 
to results for masses of glueballs and exotics. Our 
conclusions are given in sec. 0. 

2. Progress in Quenched QCD Spectrum 

2.1. major simulations 

Recent quenched simulations made with the 
plaquette gauge action are compiled in Table 
See sec. ^ for those with improved gauge actions. 

Deriving precise quenched results in the con- 
tinuum limit is a first step toward understanding 
the light hadron spectrum. The GFll collabo- 
ration! 14 1 carried out the first systematic effort 
to achieve this goal with the Wilson quark action 
using three lattices with = 1.4 — 2.8 GeV and 
the spatial size La ~ 2.3 fm. 

This year the CP-PACS collaboration reported 
further effort in this direction Q. They made 
high statistics simulations on four lattices with 
fl-i = 2.0 - 4.2 GeV and La « 3 fm. Hadron 
masses are calculated for five quark masses cor- 
responding to mT^/mp — 0.75, 0.7, 0.6, 0.5 and 
0.4, the last point being closer to the chiral limit 
than ever attempted for the Wilson action. They 
reported continuum values of hadron masses with 
a statistical error of 0.5 % for mesons and 1-3 % 
for baryons. 

Another trend in this year's simulations is a 
pursuit of reduction of scaling violation with the 
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Figure 1. Quenched light hadron spectrum in the 
continuum Umit reported by GFlljl^ and CP- 
PACS Q as compared to experiment. 

use of the Sheikholeslami- Wohlert or clover 
action. Efforts in this direction were made by 
the UKQCD|-|7) and JLQCD Q collaborations 
for the tadpole- improved llffl clover action and 
by the UKQCD, QCDSF^ and APETOVQ 
collaborations for the non-perturbatively 0{a)- 
improvedjl^ clover action (see also Rcf.jl^ on 
this subject). These studies have not yet reached 
the level of simulations with the Wilson ac- 
tion, being restricted to the parameter range 
TO^/mp>0.5, a~^<3 GeV, and La<2.0 fm. 

For the Kogut-Susskind (KS) quark action, the 
MILC collaboration[|9| last year reported a result 
of nucleon mass in the continuum limit based on 
simulations on four lattices with 



= 0.6-2.4 

GeV and La « 2.7 fm. Not much progress has 
been made this year|||,|l^. 

2.2. quenched spectrum in the continuum 
limit 

In Fig. |l| we plot the result for the quenched 
light hadron spectrum reported by the CP-PACS 
collaboration as compared to the GFll result and 
experiment. The quenched spectrum depends 
on the choice of hadron masses to set the lat- 
tice scale and light quark masses. Results for 
two choices are shown in Fig. |^, one employing 
mTT, mp and mn and the other replacing mn with 
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Figure 2. rriK* and with uik as input for the 
Wilson (filled symbols) and clover (open symbols) 
actions. In parentheses of legends are physical 
lattice sizes in fm. Lines are continuum extrapo- 
lation adopted by GFll and CP-PACS. Left-most 
triangles are GFll estimates for infinite volume. 

7710. The disagreement of about 5-10% observed 
for strange hadrons between the two choices rep- 
resent a manifestation of quenching error. 

The GFll result, albeit not covering the en- 
tire spectrum, showed agreement with experi- 
ment within the quoted error of 2% for mesons 
and 4-8% for baryons. Comparing their result 
with the CP-PACS result obtained with the same 
input (filled circles), one finds a sizable difference 
for K*,4>,E* and il. In fact the CP-PACS re- 
sult with significantly reduced errors exhibits a 
clear systematic deviation from experiment both 
for mesons and baryons. 

2.3. meson spectrum 

The CP-PACS result in the continuum shows 
that the value of mK* is 3%(6cr) smaller than ex- 
periment and by 5% {7a) if uik is used as 
input. Alternatively, with 777^ as input, they find 
that 777;^. agrees with experiment to 0.6%, but 
rriK is larger by 9%{7a). This means that a small 
value of hyperfine splitting, previously observed 
at finite lattice spacings |ll^ , pO| , remains in the 
continuum limit, which is different from the con- 
clusion of the GFll collaboration after the con- 
tinuum extrapolation. 

The origin of the discrepancy is clearly seen 
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Table 1 

Recent spectrum runs in quenched QCD with the standard gauge action. New results since Lattice 96 are 
marked by double asterisks and those with increased statistics by asterisks. Quark actions are denoted in 
parentheses by W: Wilson, C: clover, and KS: Kogut-Susskind. Clover coefficients are denoted by 1: tree 
level, TP: tadpole improved, TPl: one-loop tadpole improved, and NP: non-perturbatively improved. 
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in Fig|2| where the continuum extrapolations of 
rriK' and are plotted. The CP-PACS data 
(filled circles) show very small scaling violation, 
in contrast to an increase exhibited by the GFll 
results. The continuum extrapolation of GFll 
strongly depends on the small values of results at 
/3 = 5.7 obtained on a lattice of size La w 2.3 fm 
(L = 16). Their additional results for a larger 
lattice with La « 3.4 fm (L = 24), also shown in 
Fig. ^, are higher by 2-3%, and are more com- 
patible with the CP-PACS results. Whether one 
can attribute the difference of the GFll results 
between L = 16 and 24 to finite-size effects is not 
clear since values of the two groups for smaller 
lattice spacings are consistent. 

In Fig. 1^ we plot the meson hyperfine splitting 



as a function of the pseudo-scalar meson mass 
squared where mn is used as input. The CP- 
PACS data at four values of j3 (filled symbols) 
scale well and do not reproduce the experimental 
value of K-K* mass splitting. 

In Figs. ^ and H, the clover results have also 
been plotted with open symbols. We observe that 
they lie slightly above the Wilson results. This 
agrees with the expectation that the clover term 
should increase the hyperfine splitting compared 
to that of the Wilson action. However, there is a 
problematical feature that the difference of results 
for the two actions increases toward the contin- 
uum limit rather than decreasing as 0{a). In fact 
the UKQCD coUaborationH concluded this year 
that rriK' linearly extrapolated to the continuum 
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Figure 3. Meson hyperfine splitting obtained with 
rfiK as input. 

limit is consistent with experiment using either 
rtiK or as input. 

We should emphasize that the difference of me- 
son masses for the two actions is tiny(l-2%) and 
no more than a 3tT effect at finite /3. Lattice sizes 
of La<2 fm employed in the clover studies may 
be too small to avoid finite-size errors at this level 
of precision. Statistical errors of the clover re- 
sults, which are larger by a factor 2-3 compared 
to those of the Wilson action, also need to be 
reduced to resolve the discrepancy. 

We compile results for the J parameter ||2l[] in 
Fig. 1^. As has been known, results for the Wil- 
son action and its improved ones consistently lie 
below the experimental value for a wide range of 
lattice spacing. Results for the KS action Q also 
converge to a similar value from above. 

A small value of J is equivalent to a small hy- 
perfine splitting if the latter is a linear function of 
quark mass. This correspondence is satisfied for 
the Wilson results, while it is apparently not for 
the clover case. This represents another problem 
which needs to be understood in the quenched 
meson spectrum. 

2.4. baryon spectrum 

In Fig. ^ we plot the continuum extrapola- 
tion of representative baryon masses reported by 
the GFll and CP-PACS collaborations. The 



Figure 4. Results for J parameter. Data are 
taken from CP-PACS g, JLQCD |2|,|| for the 
Wilson and KS actions, respectively, LANL||2C[|, 
SCRlQ, Alford et aZ.||,||l for the D234 and 
D234(2/3) actions, respectively. Lines are fits to 
the CP-PACS results and the KS results. 



quenched value of nucleon mass has been a long 
debated issue. Previous high statistics results p7|, 
|2|,|2§ (see also Ref.0) at /? « 5.7 - 6.2 ob- 
tained by a chiral extrapolation from m^/mp>0.5 
yielded a value higher than experiment. The 
GFll results also shared this feature, and agree- 
ment with experiment in the continuum limit was 
obtained only after a finite-size correction. 

The CP-PACS data down to mT,/mp>QA show 
that the nucleon and A masses have a negative 
curvature in terms of 1 / K toward the chiral limit. 
The bending significantly lowers the nucleon mass 
even at finite /3 as shown in Fig. |^, and a linear 
continuum extrapolation leads to a value 2.3% 
lower than experiment, albeit consistent within 
a 3% statistical error. The nucleon mass for the 
KS action from the MILC collaboration[p 19 1 is 
also consistent with experiment. See Sec. B.2 for 
further discussion on the chiral extrapolation. 

For A and U masses, the GFll and CP-PACS 
results are reasonably consistent at similar lattice 
spacings. The continuum extrapolation is differ- 
ent, especially for fi, with the GFll case strongly 
affected by the results aX (3 — 5.7 on an L = 16 
lattice. 
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Figure 5. Continuum extrapolations of baryon 
masses from CP-PACS (filled symbols) and GFll 
(open symbols). 

In the continuum limit, the CP-PACS results 
show a systematic deviation from experiment. 
For the octet, the non-strange nucleon mass is 
consistent with experiment, while strange baryon 
masses are lower by 5-8% (3-5%) with uik 
(m^) as input. However, the Gell-Mann-Okubo 
(GMO) relation is well satisfied at a 1% level. 

The GMO relation is also well satisfied for the 
decuplet, where it takes the form of an equal spac- 
ing rule, with at most 10% deviations. However, 
the average spacing is too small by 30% (20%) 
with niK {niip) as input. 

Baryon mass splittings were extensively stud- 
ied at /3 = 6.0 on a 32^ x 64 lattice in Ref. [|o|, 
which reported the validity of the GMO relations 
and the smallness of the decuplet mass splitting. 
The CP-PACS data confirm these results and ex- 
tend them as the property of the quenched baryon 
spectrum in the continuum. 

2.5. quark mass for the Wilson action 

The Wilson action explicitly breaks chiral sym- 
metry at finite lattice spacing. One of its mani- 
festations is that quark mass defined by the 



Ward identity [p9|-|31| does not agree with quark 
mass defined perturbatively at finite lattice 
spacings@|0l. 

This problem was examined by four groups this 
year. The CP-PACS collaboration compared the 
two definitions for the Wilson action, and re- 
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Figure 6. Comparison of strange quark masses 
obtained from the Ward identity and perturba- 
tion. Masses are in MS scheme at ^ = 2 GeV. 

ported that they linearly extrapolate to a con- 
sistent value in the continuum limit [Q. The 
JLQCD collaboration employed an extended cur- 
rent and found indications that scaling viola- 
tion for becomes smaller than that for the 
local currentH. The QCDSF coUaborationH 
reported that the two definitions give consis- 
tent results in the continuum limit also for the 
non-perturbatively 0(a) improved clover action. 
The Ape collaboration||3^ reported that are 
compatible with at each (3 when renormal- 
ization factors determined non-perturbatively are 
used. 

We summarize results for the strange quark 
mass in Fig. |^. The agreement of rn^^ with 
in the continuum limit supports our expectation 
that chiral symmetry of the Wilson and clover ac- 
tions is recovered in the continuum limit. The dis- 
agreement of the values mj « 135 MeV obtained 
with as input and « 110 MeV found with 
niK as input originates from the small meson hy- 
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clarity. 

perfine splitting, and hence represents a quench- 
ing uncertainty. Further results on quark masses 
are reviewed in Ref . Q . 

3. Issues in Spectroscopic Studies 

3.1. finite size effects in quenched QCD 

In quenched QCD finite-size effects of hadron 
masses are expected to be smaller than in full 
QCD due to Z(3) symmetry. For the nucleon 
mass with the KS action, the magnitude has been 
estimated to be less than 2% at m^/rrip w 0.5 for 



La>2 fm[g5|3^. On the other hand, the GFll re- 
sult for the Wilson action at /3 = 5.7 showed 
a larger effect of 5% between the sizes L = 16 
(2.3 fm) to 24 (3.4 fm). 

The MILC collaboration carried out extensive 
runs at /3 = 5.7 with the Wilson action for the 
sizes L = 12 — 24, and we reproduce their results 
for the nucleon mass]^,^ together with those of 
GFll in Fig. 0. 

The GFll result for L = 16 significantly de- 
pends on the source/sink size, with the value 
for the size 4 consistent with those for L = 24. 
The MILC results for L = 16 do not show a 
source size dependence. Their values for the sizes 
L — 12 ~ 24 mutually agree within the statistical 
error of about 2%, and are also consistent with 
the GFll results for L = 24. 

These comparisons strongly suggest that finite- 
size effect at La « 2 fm is already 2% or less also 
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Figure 8. (a) Chiral extrapolations of the CP- 
PACS nucleon masses at /3 = 5.9. (b) Continuum 
extrapolations of the nucleon masses obtained by 
various chiral extrapolations. 

for the Wilson action, rather than 5% estimated 
by GFll. This implies that finite-size effects are 
negligible for La w 3 fm as employed by the CP- 
PACS collaboration. 

3.2. chiral extrapolation of nucleon mass 

Last year the MILC collaboration!^,^ empha- 
sized the difficulties in reliable chiral extrapola- 
tion for the nucleon mass using their high pre- 
cision data with the KS action. The results ob- 
tained for light quarks down to 1x1-^ j nip « 0.3—0.4 
exhibit a negative curvature, and the mass in the 
chiral limit is sensitive to the choice of fitting 
functions. 

The CP-PACS data for the nucleon mass for 
the Wilson action measured down to rriT^/mp « 
0.4 also show a negative curvature. They tried to 
fit their data using four fitting functions; a cubic 
function in quark mass, a form predicted by chi- 
ral perturbation theory (xPT) in fuU QCD||3^ 
given by mjv ~ cq + cim^ + C2TO^, and two 
forms in quenched QCD (QxPT)||3|-B|l given by 
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Figure 9. fx/U-l. Data are from CP-PACS 0, 
GFIiPLlANLQ, UKQCD §, QCDSF [|, 
JLQCD@, and OSU||. 

Wat = cq + ciiriTr + €2171^ and uin — cq — 0.53m7r + 
c\rr?^ + cim\ where in the latter the coeffrcient 
of the Unear term is fixed to a value estimated 
from experiment. As shown in Fig. ^(a), the four 
fitting functions describe data equally well, but 
deviate significantly toward the chiral limit. 

In Fig. ||(b) we show how the choice of chi- 
ral extrapolations affects the nucleon mass in the 
continuum limit. Having precision results down 
to vciT^jmp = 0.4 at each /3 helped to constrain the 
uncertainty in the continuum limit almost within 
the statistical error of 3%. 

A major difficulty in exploring the chiral limit 
in quenched QCD simulations is the presence of 
exceptional configurations. A method has re- 
cently been proposed to avoid this difficulty p|. 
It would be very interesting to see if the method 
allows to obtain reliable results near the chiral 
limit as close as mT^jmp « 0.2, which would be 
needed to control the chiral extrapolation at a few 
% precision level. 

The APETOV collaboration^ studied quark 
mass dependence of octet baryon masses for the 
non-perturbatively 0{a) improved action for the 



180 



160 



140 



120 



100 



180 




160 



140 



120 



100 



Clover 



• UKQCD TP 
□ UKQCD NP 
A QCDSF NP 
T JLQCD 



0.0 



0.2 



0.4 

, a 



0.6 



0.8 



Figure 10. Results for /^. See the caption of 
Fig. H for references except JLQCD ||3|] for the 
Wilson action. 

range of m^/mp — 0.98 — 0.56. They found that 
linearity is better if one includes the 0{mqa) im- 
provement term in the definition of quark mass. 

3.3. decay constants and quenching error 

It has been observed for the Wilson action that 
Jk //tt — 1 hi quenched QCD is much smaller than 
experiment, which is considered to be a quenching 
error (see Ref. for a recent review). In Fig. ^ 
we compile recent results for the ratio. Small val- 
ues in the range 0.1-0.15 are also obtained for the 
clover and KS actions. A discrepancy of 30-40% 
with experiment roughly agrees with estimates 
based on quenched chiral perturbation theory pgf. 

In Fig. ^ we summarize the status with the 
determination of the pion decay constant. Con- 
tinuum values for the Wilson action reported by 
various groups are consistent with each other, and 
are slightly smaller than experiment, while the 
situation with the clover results is very unsatis- 
factory, suffering from a large discrepancy among 
groups. 
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Table 2 

Tests of improved quark actions with improved gauge actions. Abbreviations for gauge actions in brack- 
ets are TILW: tadpole-improved Liischer- Weisz [|6|,|6|j4|l , TISY: tadpole- improved Symanzik[||jl6|, SY: 
SymanzikQ. 









size 


(fm) 


#conf. 




#m 


ref. 


SCRI (C=NP)[TILW] 


7.75-12 


8^ 


X 15 




0(1000) 




1 


49 


1 


Alford et al. (D234c,C)[TISY] 
Alford et al. (D234c,C)[TISY] 


1.157 
1.719 


53 
83 


X 18 
X 20 


2.0 
2.0 




0.76,0.70 
0.76,0.70 


2 
2 


50 
50 


1 
1 


DeGrand 






Fixed point actions 






51 


1 


MILC (KS,Naik)[TILW] 
MILC (KS,Naik)[TILW] 
MILC (KS,Naik)[TILW] 


7.60 
7.75 
7.90 


163 
163 
163 


X 32 
X 32 
X 32 




100 
200 
200 


0.82-0.3 
0.76-0.33 
0.80-0.27 


5 
5 
6 


1 
1 
1 




1 
1 
1 


Bielefeld (fat)[SY] 


4.1 


163 


X 30 




57 


« 0.65 


|52 


1 



1.8 

E 1.6 



1.5 



1.4 



1.3 



o W[std] CP-PACS 

A W[TILW] SCRI 

V W[TILW] Bock 

• C[std] UKQCD 

AC[TILW] SCRI 

TC[TILW] Bock 

► C-ML[TISY] Alford et al. 



<2 



□ D234[TILW] Alford etal. 
o D234[TILW] Bock 
■ D234(2/3)[TISY] Alford et al. 
[ D234c-ML[TISY] Alford et al. 



0.0 1.0 2.0 3.0 

a (GeV ') 

Figure 11. Comparison of mN/mp at mT^/mp — 
0.7 for various quark actions. C-ML and D234c- 
ML employ mean link for the tadpole factor. 
Gauge actions are denoted in brackets. Lattice 
spacings are set with the string tension (-^/ct — 
427 MeV) except for results with TISY gauge ac- 
tion which use the charmonium spectrum. 

4. Improvement of Quark Actions 

Several groups have been testing improved 
quark actions with improved gauge actions. In 
this section we discuss quenched results in this 
category. New simulations since Lattice 96 are 
listed in Table 

4.1. improvement of the Wilson action 

Improvement of the Wilson quark action by 
adding the clover term has been extensively inves- 



fC 1.0 

o 
II 

e' 

^ 0.8 
® 



•S 0.6 

CD 



0.4 



• 

* • 




> 






-A 



1 



2 3 4 5 

a (GeV"') 

Figure 12. my at mT^/mp = 0.7. Symbols are the 
same as in Fi g. [ll| . Sold lines are extrapolation 
of SCRI data||24i. Lattice spacings for the C-ML 
and D234c-ML actions are recalibrated by us to 
those given by ^/a. 

tigated both with the standard gauge action^ - 
and with improved gauge actions ]5^ , p^ , p6| , p0 1 . 
We plot in Fig. ^ the mass ratio m^lmp at 
m.T^lm.p — 0.7. We clearly observe that the 
clover term significantly reduces scaling violation 
so that the ratio agrees with the phenomenologi- 
cal value|^^ within 5% already at a « 0.4 fm. 

The D234 action |^ is designed to achieve im- 
provement beyond the clover action. Results ||25|, 
|2^,|5^,^ for a class of D234 actions, however, do 
not show clear improvement for the mass ratio 
compared with those for the clover action. 

Scaling test of hadron masses themselves at a 
fixed TO^/rap is useful to examine the functional 
dependence of scaling violation on the lattice 
spacing. Using the tadpole-improved Liischer- 
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Weisz (TILW) gauge action for which we expect 
only small scaling violation, the SCRI group [p4| 
showed last year that mass results for the tadpole- 
improved clover action are consistent with an 
O(a^) scaling behavior, while Wilson data need 
both 0{a) and 0{a^) terms. 

In Fig.|l^ we reproduce their figure for the vec- 
tor meson mass at mT^/mp = 0.7, adding new re- 
sults for the WilsonQ(open circles) and clover[Q 
(filled circles) actions on the standard plaquette 
gauge action. The results for the two actions 
lie on the respective extrapolation curves of the 
SCRI results, showing a reduction of scaling vio- 
lation with the clover action also for the plaquette 
gauge action. 

The Cornell group [50| tested improvement us- 
ing mean value of link in the Landau gauge rather 
than plaquette for the tadpole factor(right trian- 
gles). They reported that the mean link is su- 
perior in reducing scaling violation effects over 
plaquette. 

Let us also mention that non-perturbative de- 
terminations of the clover coefficient with im- 
proved gauge actions have been at t empt ed p9| , ^ . 
Spectrum calculations are in progress. 

4.2. improvement of the KS action 

The MILC collaboration|jl|| studied the KS 
and Naikj5^ three- link actions using the TILW 
gauge action, and compared them with those for 
the KS action on the standard gauge acton. They 
found that rriN/mp is improved by the use of the 
improved gauge action, but the Naik improve- 
ment has a relatively small effect on the mass ra- 
tio. Pushing the calculation toward higher /3[^, 
they found little difference between the Naik and 
KS actions. 

Another direction of improvement tested by the 
MILC collaboration is the use of fat link, in 
which one replaces a link variable with a weighted 
sum of the link and staples. This is expected to 
improve flavor symmetry, and indeed they found 
a substantial reduction in the mass difference be- 
tween the Goldstone and non-Goldstone pions. 

The Bielefeld group studied the fat link im- 
provement with the Symanzik gauge action. They 
also observed improvement of flavor symmetry 
for this quark action, while 0{p^) and 0(p*) im- 




T Kyoto-Tsukuba f,=5.7 (20) 

1.2 I ' • ' • ' • ' • ' 1 

0.0 0.2 0.4 0.6 0.8 1.0 

Figure 13. Edinburgh plot for iV/=2 KS 
quarks reported by MILC|Q together with those 
from HEMCGC[|7|, Columbia@,g, and Kyoto- 
Tsukuba|69|]. In parentheses are lattice sizes. 

proved actions which include many link paths do 
not show any significant improvement of flavor 
symmetry. 

5. Toward Full QCD Spectrum 

With progress of our understanding of the 
quenched spectrum, increasingly larger efforts are 
beginning to be spent in simulations of full QCD. 
Here we summarize recent work listed in Table |^. 

5.1. progress with the KS action 

The MILC collaboration ||l9| continued their 
study of the Nf = 2 KS spectrum for /3 = 5.3—5.6 
employing large lattices of a size La>2.6 fm. In 
Fig. |l^ we show their results in the Edinburgh 
plot together with those of previous studies ||6^- 

The ratio mpf / nip decreases toward weak cou- 
pling. Taking advantage of improved precision of 
their results as is clear from Fig. the MILC 
collaboration attempted a continuum extrapola- 
tion of rri]^ jnip for a fixed value of mT^jmp. They 
find rri]^ jnip — 1.252(37) at the physical point in 
the continuum limit. 

Also of interest is the problem of how the KS 
spectrum depends on the number of dynamical 
quark flavors. Columbia group [|66| showed that 
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Table 3 

Recent spectrum runs in full QCD for Nf—2. New results since Lattice 96 are marked by double asterisks 
and those with increased statistics by asterisks. 



size 



(fm) 



traj. 



m^/mp #m 



ref. 



SESAM (W)* 
TxL (W)* 



5.6 
5.6 



16^ X 32 
X 40 



1.4 
2.0 



200 X 25 
0(3000) 



0.84-0.7 
0.7,0.55 



P 

31 



UKQCD (0=1.76)" 



5.2 



12^ X 24 



50 conf. 0.85-0.75 



_J32L 

-1191 

|19,64| 
111,641 
[191 
[191 
|19|,64[ 



OP-PAOS (W,0=1,TP) 



(12. 16) X 32 study of action improvement 



12^ X 32 
16^ X 32 
12^ X 24 
243 X 64 
20^ X 48 
243 X 64 



MILO (KS) 
MILO (KS)* 
MILO (KS)* 
MILO (KS) 
MILO (KS) 
MILO (KS)* 



5.30 
5.415 
5.415 
5.50 
5.50 
5.60 



3.7 


1000-5000 


0.8-0.3 


8 


3.2 


1000-2000 


0.77-0.44 


6 


2.4 


2000 


0.46 


1 


3.6 


1000-2000 


0.69-0.63 


2 


3.0 


2000 


0.56-0.48 


2 


2.6 


1500-2000 


0.75-0.53 


4 


1.5 


1400-4900 


0.70-0.57 


4 


1.5 


2700-4500 


0.72-0.67 


2 



Oolumbia(KS,iV/= 
Oolumbia(KS,iV/^ 



:2)* 
:4)* 



5.70 
5.40 



16^ X 32(40) 
16^ X 32 



66 
66[ 



the four flavor hadron spectrum is nearly parity 
doubled on a 16^ x 32 lattice at /3 = 5.4. Chi- 
ral symmetry breaking effects are smaller for four 
flavors than for two or zero flavors. 

5.2. progress with the Wilson action 

Simulations of full QOD with the Wilson 
quark action for Nf=2 have been pushed for- 
ward by the SESAM [||,|l) and TxL@|l| col- 
laborations. Simulations were initially made at 
(3 = 5.6 on a 16"^ spatial lattice {La « 1.4 fm) 
for m^/mp = 0.85 - 0.7 (SESAM), which have 
been extended to those on a larger lattice 24'^ 
(La « 2.0 fm) and closer to the chiral limit with 
m^/nip =0.7 and 0.55 (T^L). 

An important aspect of their study is a care- 
ful examination of various algorithmic issues of 
full QOD simulation, including development and 
tuning of efficient Wilson marix inverter [[70| and 
a detailed autocorrelation study. 

For the spectrum, they observed 3% (5%) 
finite-size effects for p-meson (nucleon) at 
rriTr/mp w 0.7. The magnitude is compara- 
ble to that for the KS action[||,0. They 
estimated strange hadron masses, treating the 
strange quark as a valence quark in the pres- 
ence of two light dynamical quarks. The K — K* 
mass splitting is smaller than experiment by 15%, 
contrary to the expectation that dynamical sea 



quark effects alleviate the small hyperfine split- 
ting of quenched QCD. It is possible that dynam- 
ical quarks employed is still too heavy to improve 
the splitting significantly. 

SESAM and TxL also studied the static poten- 
tial and several hadron matrix elements to explore 
effects of sea quarks. See Ref. for a review. 

5.3. full QCD with improved actions 

Till last year there were only sporadic attempts 
toward full QOD simulations of the light hadron 
spectrum with improved actions [|73[[ . This year 
the OP-PACS coUaboration|6| and the UKQOD 
collaboration[]62[[ presented preliminary results of 
a systematic attempt in this direction. 

The OP-PAOS collaboration made a compar- 
ative study of improvement at a coarse lattice 
« 0.9 — 1.5 GeV employing the plaquette 
and an RG-improved action|74| for gluons and the 
Wilson and tadpole-improved clover action for 
quarks. For one action combination, they also ex- 
plored the chiral limit down to ttIt^ /vrip « 0.4 with 
simulations on a 16^ x 32 lattice. The UKQOD 
collaboration employed the plaquette action at 
/3 = 5.2 and the clover action with a clover co- 
efficient of 1.76. Simulations were made for four 
values of sea quark masses and the spectrum is 
calculated for four values of valence quark masses 
on each dynamical quark ensemble. 
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_ PW CP-PACS 
7 RW CP-PACS 
♦ PC CP-PACS 
■ RC CP-PACS 

PWSCRI 
- PW SESAM 
- + quench CP-PACS 



For an effect of improvement of gauge actions, 
rotational symmetry of the potential is improved 
to a great extent also in full QCD [6^]. 

The effects of improvement summarized here 
are parallel to those observed in quenched QCD, 
and come mainly from valence quarks rather than 
dynamical sea quarks. Novertheless, they are im- 
portant since they show that realistic full QCD 
simulations are possible without having to reduce 
the lattice spacing below « 2 GeV which is 
needed with the standard action. 



1.4 I ' ' ' ' ' ' ' ' ' ' ' ' ' 1 

0.0 0.2 0.4 0.6 0.8 1.0 1.2 

m^a {@mjm=0.7) 

Figure 14. rriN /mp in full QCD with Nf = 2 as a 
function of nipa both calculated at m-^lmp — 0.7. 
Abbreviations for gauge actions are P: plaquette 
and R: RG-improved|Q, and for quark actions 
W: Wilson and C: clover. Data are taken from 
CP-PACS||,|, SCRI@, and SESAM^. 

In Fig.|lJ we compile full QCD results for 
TOAf/mp as a function of mpO, both calculated 
at TO^/mp = 0.7. Results for the Wilson quark 
action have large scaling violation and approxi- 
mately lie on a single curve, irrespective of the 
choice of gauge actions. In contrast the lattice 
spacing dependence is much weaker for the clover 
actions, again irrespective of the gauge action, 
and the value of the ratio is close to a phenomeno- 
logical estimate even on a very coase lattice of 
~ 1.0 GeV. These results show that a signif- 
icant improvement oi mjq j nip due to the clover 
term observed for the quenched case also holds in 
full QCD. 

Another interesting question in full QCD is to 
what extent the lattice scale obtained from the 
hadron spectrum agrees with that from the static 
potential. The clover term is important also in 
this regard. A mismatch of the scale determined 
from nip in the chiral limit and that with the 
string tension observed for the Wilson action at 
a^^ w 1.0 GeV is much reduced by the use of 
the clover action[^. The UKQCD collabora- 
tion reported that the scale determined from niK' 
approximately agrees with that from rg for each 
value of dynamical quark. 



6. Other Topics 

Calculation of glueball masses in quenched 
QCD has reached a stage to pinpoint the mass 
ranges at least for the scalar glueball. The GFll 
collaboration |7^ reported mo++ = 1710(63) MeV 
as the infinite volume value in the continuum 
from a reanalysis of their data[^. This value 
is consistent or slightly higher than the previous 
results by other groups |f78|-|80|] . 

The central effort of the GFll collaboration 
has been a calculation of the mass of the ss scalar 
meson [ [tbIJsiI ], for which they found values below 
mss < 1500 MeV. They conclude that the ob- 
served meson /j(1710) is mainly a scalar glueball, 
while /o(1500) is mainly an ss quarkonium. 

The SESAM collaboration[|2| made a glueball 
mass measurement with their full QCD runs. No 
clear dynamical quark effects are seen in the glue- 
ball masses. Instead, they observed strong finite 
size effects in the scalar glueball mass, which may 
be an indication of the presence of mixing be- 
tween the glueball and the ss scalar meson. 

Two groups have contributions for spin ex- 
otic meson masses. The UKQCD collabora- 
tion|83j increased statistics since last year. Cal- 
culating masses at one combination of f3 and 
the quark mass and employing a model to es- 
timate masses at the strange quark, they ob- 
tained TOi-+(s£) = 2000(200) MeV. The MILC 
collaboration |8J| made simulations at /3=5.85 and 
6.15. Extrapolation to the strange quark mass 
was made to obtain nii-+{ss) — 2170(80) MeV. 
The two results are consistent within 10%. 
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7. Conclusions 

A number of interesting studies have been 
made this year, making a step forward toward 
a precise determination of the hght hadron spec- 
trum. 

For the quenched spectrum, a systematic devi- 
ation from experiment has been uncovered both 
in the meson and baryon sectors. Quantitative 
results have been accumulated with improved 
actions both for quenched and full QCD, clar- 
ifi-ing to what extent improving actions reduce 
scaling violations in the light hadron spectrum. 
Quenched clover simulations are moving toward 
high precision determination of physical quanti- 
ties exploiting the improved scaling behavior, and 
similar effort should be pursued with other im- 
proved actions. 

And finally, attempts toward a realistic simu- 
lation in full QCD have begun. In my opinion, 
there is real hope that such a calculation could 
be achieved with the current generation of com- 
puters through application of improved actions. 

I am deeply indebted to all the colleagues who 
made their results available to me before the con- 
ference. I also would like to thank Y. Iwasaki 
and A. Ukawa for critical comments and sugges- 
tions on the manuscript. This work is in part sup- 
ported by the Grant-in- Aid of Ministry of Edu- 
cation, Science and Culture (Nos. 08NP0101 and 
09304029). 
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